We investigate the traffic flows of the Korean highway system, which contains both public and private transportation information. We find that the traffic flow T ij between city i and j forms a gravity model, the metaphor of physical gravity as described in Newton's law of gravity, P i P j /r 2 ij , where P i represents the population of city i and r ij the distance between cities i and j. It is also shown that the highway network has a heavy tail even though the road network is a rather uniform and homogeneous one. Compared to the highway network, air and public ground transportation establish inhomogeneous systems and have power-law behaviors.
I. INTRODUCTION
The traffic flow T ij between city i and j is proportional to P i P j /r 2 ij , where P i represents the population of city i and r ij the distance between two cities, i and j. We also find that the highway network including both the information of the public and private transportation has a heavy tail but not the power-law behavior, even though the road network is a rather uniform and homogeneous one like random network [21] , compared to air and public ground transportation networks which establish inhomogeneous systems and have power-law behaviors [12, 22] .
II. THE KOREAN HIGHWAY SYSTEM
We investigate the traffic flows between cities on the Korean highway system for the year of 2005 [23] . The system consists of 24 routes and 238 exits. The total length of the system is 3,050km, and the longest route, connecting Seoul and Busan, is about 418km [24] . The resulting highway network comprises 238 nodes denoting exits and fully connected links to each other. The Republic of Korea, usually called South Korea, is not a big country, whose area is 99,646km
2 [24, 25] . It occupies only the southern portion of the Korean Peninsula, and borders on only North Korea. The two Koreas do not have any public road connecting each other. Therefore, South Korea is a sort of island from the viewpoint of road system. This property limits our statistical analysis in comparison with larger country or continent such as the United States or the European Continent.
First of all, we select 30 cities, whose population is over 200,000, for analysis (Section III).
They are as shown in Table I . Other studies exploring the transportation networks usually deal with small number of nodes, such as N=79 [14] , 128 [15] , N=124 [16] , and N=76 [17] .
Only a few surveys such as the Indian Railway Network (N=579) [20] , and the Worldwide Airport Network (N=3880) [12] deal with larger number of nodes. A small number of cities, 30, may restrain statistical analysis. However, it is noticed that this is an empirical analysis for such private traffic flows, which is difficult to be collected.
Second of all, we analyze the whole traffic data with a total of 238 exits (Section IV).
The data of the whole exits can provide more statistical analysis, but not directly related to population or area. However, the data analyzed do not include either the actual path of transportation, or the number of transportations which go along the path connecting with the two nearest exits. 
III. GRAVITY MODEL
In this section, we study the traffic flows and gravity model from the data of 30 selected cities. Fig. 1 (a) illustrates 30 cities on the map. Each number from 1 to 30 corresponds to the city number of Table I . A minimum spanning tree (MST) is a useful tool to analyze complex network [26, 27, 28] . When a weight is assigned to each link of network, an MST is constructed with a weight less than the weight of every other spanning tree. The highway network, which a node represents a city, is established. Some cities have many exits. We consider the whole exits of a city as one exit for the city in this section. This network is a weighted one, wherein the weight w ij of a link connecting city i and j represents the sum of both traffic flows i → j and j → i. In the highway system, the important link is the one that has larger traffic flow than others. Therefore, we construct the maximum spanning tree of the highway system ( Fig. 1(b) ). It is not only because the total traffic flow of a given city is more related to the population than the area, but also because the area and the population have no correlation for Korean cities.
When a driver travels from one city to another, the route might be flexible depending on a driver's personality, traffic condition, and so on. In addition, a city might have a lot of exits, but they are regarded as one exit. Therefore, it is not easy to measure the actual distance covered by a car. We define the distance between two cities as the distance covered.
The average of the distribution of distance d between two cities is 238.9km, and the standard deviation is 128.5km. Fig. 3 shows the correlation between the distribution of traffic flows P (T ) and distance d. The correlation can be classified into two parts. The slope of the left guideline of Fig. 3 , represents the first part, which is 0.00189, and that of the right one is 0.01555. Considering the average of distance, 238.9±128.5km, the left part covers the average and its error bar region. In this part, the traffic flow depends very slightly on distance compared to the right part. However, this result might be regarded as a finite-size effect by considering the fact that Korea is not a big country.
We investigate traffic flows for selected 30 cities in terms of both population and distance. that they form a gravity model [29, 30, 31] ,
Some spots, which are the first left and four right spots, are removed from linear fitting in Fig. 4 . It is hard to analyze for these spots since they do not contain enough number of data. That may be due to the finite-size effect as mentioned earlier. problem for Korea. Practically, these cities consist of the Greater Seoul. This centralization is also observed in Fig. 1 . Most Korean cities are located near Seoul and Busan, the second largest city.
IV. NETWORK ANALYSIS
In this section, we establish the highway network using the whole 238 exits data. In other words, a node of the network in this section corresponds to an exit. The degree distribution P (k), a commonly used as a parameter to measure the network properties, is not meaningful for fully connected network such as the highway system which is analyzed here. Moreover, work. However, the weight of a link w i j and the strength s i , defined as
can be a significant measure of the network properties. Fig. 5 represents the cumulative probability distributions of (a) strength and (b) weight for the whole 238 exits data on log-log and semi-log (insets) scales. The strength distribution shows a heavy tail on a semi-log plot, but not the power-law behaviors. In addition, the weight distribution is not a power-law. The spots consisting of the heavy tail in Fig. 5(a) correspond to big cities such as Seoul, Busan, and so on (Table II) . Gunja is an entrance of eastbound near Seoul, Daedong is a part of Busan, and Hwawon is that of Daegu. It is typical that the strength is proportional to the population because the strength is the sum of traffic flows related into the population.
However, the distributions of degree and strength for the Worldwide Airport Network [12] show power-law behaviors. Basically as well as practically, road system is different from airport system. Usually, there are more limitations for constructing and expanding routes on land than in the air, physically. This property allows more powerful hubs and heavy links for air transportation network than ground transportation. Therefore, road network is usually regarded as a rather uniform and homogeneous network, and airport system as an inhomogeneous one [21] . Airport network as well as air transportation network establishes a scale-free network, an inhomogeneous network model with power-law distribution [12] .
Furthermore, the public ground transportation network has the power-law behavior for its weight distribution [22] because it has preferential attachment and powerful hubs, which are important characteristics of the scale-free network model [6] , rather than the private transportation. Transportation companies make more preferential attachments, powerful hubs, and a lot of traffic flows between hubs than personnel.
We go back to the Korean highway system, which contains both public and private transportation information. The heavy tail of Fig. 5(a) shows that through the network has some powerful hubs, it is not sufficient to show power-law behaviors. It is natural to imagine that a lot of traffic flows connect big cities like the public ground transportation. But road system cannot be an inhomogeneous network because of the limitation described earlier. Therefore, heavy tail is observed, but not sufficient to show the power-law behavior. Moreover, the width of the road cannot be infinite, and the weight distribution does not have the heavy tail.
V. CONCLUSIONS
We investigated the Korean highway system. A gravity model as the metaphor of physical gravity is found in the system. The original Newton's law of gravity is F ∼ M 1 M 2 /r 2 , but the gravity model for the Korean highway system can be derived as T ∼ P 1 P 2 /r 2 , where P denotes population. Air and public ground transportation network, which have preferential attachment properties, have scale-free behaviors such as power-law distribution. However, road network is basically a rather uniform and homogeneous one such as random network.
Public ground transportation network which formed on road network is based on the revenue for companies. Therefore, public transportation network has inhomogeneous property. The
Korean highway network including public and private transportation information shows heavy tail, but not power-law distribution. Private transportation also tends to connect larger cities, but road network limits the system to be inhomogeneous.
